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TEE  EFFECT  OF  NON  JUG  ID  ITT  ON  THE  LINE  STRENGTHS 
OF  VIBRATIONAL -ROTATIONAL  TRANSITIONS* 

Harry  C.  Allen,  Jr.** 

Mallinckrodt  Chemical  Laboratory 
Harvard  University,  Cambridge,  Mase. 

Abstract 

The  e’ffect  of  the  difference  in  asymmetry  of  the 
ground  and  excited  states  of  a vibrational  band  on  the 
line  strengths  of  the  vibrational -rotational  transitions 
has  been  investigated.  It  is  found  that  for  sufficiently 
large  (^.l-.2)  in  A and  C type  bands  there  is  an 
enhancement  of  the  line  strengths  of  either  the  R or  P 
branch,  depending  on  whether  of  the  ground  state  is 
greater  or  less  than  of  the  excited  state.  In  B type 
bands  certain  sub -bands  are  enhanced,  but  in  general  no 
branch  of  the  band  is  enhanced  as  a whole. 

♦The  research  reported  herein  was  supported  in  part  by  the  Office  of  Naval 
Research  under  ONR  Contract  N5ori  76,  Task  Order  V. 

**Atanic  Energy  Commission  Postdoctoral  Fellow. 
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Introduction 

In  the  early  analyses  of  the  rotational  fine  structure  of  vibrational 
hands  of  asymmetric  rotors,  the  Intensities  of  the  fine  'structure  consonants 
were  estinated  froa  the  intensities  of  the  transitions  in  the  closer  symmetric 
limit.  Cross,  Hainer  and  King1  have  shown  that  such  a procedure  is  dangerous. 

1 P.  C.  Cross,  R.  M.  Hainer,  and  G.  W.  King,  J.  Chen.  Phys.  12,  210  (19Ut). 

CHK  havs  published  a very  useful  table  of  line  strengths  for  the  rigid  asymetric 
rotor.  It  is  well  known,  however,  that  molecules  are  not  rigid  rotors.  In  fleet, 
in  those  cases  where  complete  analyses  of  the  rotational -fine  structure  have 
been  ends,  it  has  been  necessary  to  use  effective  moments  of  inertia  for  each 
vibrational  state.  This  difference  of  asynaetry  in  the  two  vibrational  states, 
the  asymaetry  being  measured  by  (2b-a-c)/(a+c),2  can  have  narked  effect  oa 

2 G.  W.  King,  R.  M.  Hainer,  and  P.  C.  Cross,  J.  Chen.  Phys.  11,  27  (19^3)* 

the  line  strengths  of  various  transitions  if  A K between  the  two  vibrational 
states  is  large.  If  A ^ is  snail,  then  the  line  strengths  calculated  for  the 
rigid  approximation  are  sufficient.  However,  for  some  of  the  higher  combina- 
tion bands  of  light  molecules  such  cs  water  and  hydrogen  sulfide  A ■ can  be 

3 

as  large  as  .1  or  .2  and  in  free  radical  spectra  even  larger  changes  can  occur. 

3 

This  was  kindly  pointed  out  by  Dr.  Hersberg  at  the  "Symposium  on 
Molecular  Structure  and  Spectroscopy, " Columbus,  Ohio,  1933* 

In  these  cases  the  Intensity  pattern  calculated  for  the  rigid  approximation 


breaks  down 
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• Theory 

X 2 

The  problem  of  the  asymmetric  rotor  has  been  treated  In  great  detail.  * 


In  setting  up  the  energy  matrix,  Vang  combinations  of  symmetric  rotor  vare 
2 

functions  must  be  used.  Then  an  orthonormal  transformation  can  be  found  which 
diagonalizes  the  energy,  i.e.,  such  that 

E(X  ) ■ T'  X'  E X T,  (1) 

where  X Is  defined  as  reference  2,  equation  29,  and  serves  to  give  the  Vang 
combinations  of  the  symmetric  rotor  wave  functions,  and  T is  the  transformation 
which  dlagooallses  the  energy  matrix. 

The  line  strengths  are  obtained  by  squaring  the  matrix  elements  of  the 
direction  cosine  matrix  of  the  asymmetric  rotor.  If  the  direction  cosine 
matrix  is  also  set  up  in  terms  of  symmetric  rotor  wave  functions,  then  the 
asymmetric  rotor  direction  cosine  matrix  is  obtained  by1 

*Jg  - T’  X*  i X T2,  (2) 

where  and  T2  are  the  transformations  which  diagonalize  the  ground  and  excited 
states  respectively.  The  case  where  ■ Tg  ■ T was  considered  by  Cross,  Balner 
and  King.  In  this  paper  the  case  will  be  considered  where  / Tg. 

The  transformations  for  K • .5  and  K « 1 have  been  evaluated  up  through 
3 - k and  applied  to  the  direction  cosine  matrix  in  the  order 

■ T (-5)  X-  S X T(l)  (3) 

This  order  assumes  that  * .5  in  the  ground  state  and  ^ • 1 in  the  excited 
state.  A change  this  large  is  likely  to  be  encountered  only  in  the  case  of 
free  ra&leal  spectra,  but  the  large  change  vas  used  in  order  to  emphasise  any 
regularities  which  might  appear.  The  resulting  elements  were  squared  and 
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Multiplied  by  10  ia  order  to  be  consistent  with  reference  1.  The  transitions 
were  then  sorted  into  sub -tranches  in  order  to  find  any  regularities  which 
occurred. 


Discussion 

The  regularities  found  are  summarized  in  Table  I.  It  was  found  necessary 
to  consider  two  cases;  (1)  *0  of  ground  state  less  than  if  in  the  excited  state, 
and  (2)  of  ground  state  greater  than  if  In  the  excited  state.  The  conclusions 
for  case  2 are  the  converse  of  the  conclusions  for  case  1,  so  only  case  1 will 
be  discussed. 

The  most  striking  regularities  are  found  in  the  A and  C type  bands,  l.e., 
the  dipole  a<aent  change  along  the  least  and  largest  inertial  axes  respectively. 
In  the  A type  band  it  is  found  that  the  P branch  line  strengths  are  enhanced, 
quite  generally,  with  respect  to  the  R branch,  while  in  the  C type  bands  it  is 
the  R branch  which  is  enhanced.  Certain  of  the  Q branch  sub-bands  are  also 
enhanced  under  these  conditions. 

An  inspection  of  the  table  of  line  strengths  in  reference  1 shows  that  it 
is  not  always  necessary  to  consider  the  difference  of  asymmetry  of  the  two 
vibrational  states.  For  an  A type  band,  the  change  of  line  strength  with  <$ 
is  very  small  in  the  region  -1<>  $ ^ 0.  Hence  adjf  in  this  region  would 
not  lead  to  pronounced  effects.  However,  for  0^  df  1 the  change  in  line 
strength  with  <£  is  quite  steep;  hence  in  this  region  of  if  one  might  expect 
quite  pronounced  effects.  For  C type  bands  the  pronounced  effects  are  to  be 
expected  in  the  region  -1  ^ if  0.  The  line  strengths  of  Q branch  transitions 
have  a much  greater  Vf  dependence  than  either  F or  R branch  transitions. 

Such  unexpected  intensity  patterns  as  can  arise  from  these  Q branch  transitions 
could  become  a useful  tool  in  the  analysis  of  vibrational -rotational  bands. 
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In  B type  bands,  1 e.  the  dipole  moment  change  along  the  intermediate  inartial 
axis,  no  particular  branch  is  generally  enhanced.  It  is  found  that  certain  sub- 
bands  in  the  P,  Q and  R branches  are  enhanced.  It  is  again  to  be  hoped  that  the 
Intensity  patterns  found  in  this  special  case  of  large  will  become  a useful 

analytical  tool.  In  order  to  give  some  idea  of  the  size  of  these  effects,  in 
Table  II  are  shown  the  calculated  line  strengths  for  the  main  sub -bands  for  both 
A and  B type  selection  rules  through  J * k.  No  C type  examples  sure  given  for  the 
effect  is  very  small  in  the  $ region  chosen,  as  pointed  out  earlier.  A ground 
state  of  0.5  and  an  excited  state  X.  of  0.7  have  been  used  in  the  calculations. 

The  line  strengths  for  the  rigid  approximations  in  which  *0.5  and  1.0  have 
been  Included  for  comparison. 

In  many  instances  these  effects  are  small,  of  the  order  of  1 or  for  a 
* .2.  However,  for  many  Q branch  transitions  in  the  appropriate  range 

k 

these  effects  can  be  as  much  as  10£  even  at  low  J.  In  the  case  of  free  radicals 

k 

D.  A.  Ramsay,  Private  communication. 

where  aV£  may  be  as  high  as  0.6  - 0.8  then  these  effects  will  be  pronounced 
in  practically  all  transitions. 
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Table  1 


X K 


' Stronger 

beR 

*1,1 

De?- 

1,1 

Xr 

fctx 

*1.L 

I 

b°P- 

1,1 

aeR 

R0i 

*°R 

R01 

sub -band 

aeP 

^o,r 

aQp 

^o,r 

Xr 

av, 

- t L 

beQ- 

XI 

b°Q_-- 

XI 

-aV  - 

-X,l 

ae^ 

v 

co„ 

Qr,o 

ce. 

Qr,2 

Xo 

COR 

1,0 

Ul,0 

ro 

Qi,? 

c°p 

pr,o 

c°p 

r,o 

ox  = ground  state 
M!  e ■ excited  state 

Sub-band  labelling  is  that  suggested  in  reference  1, 


V#- 
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Table  II 
▲ type  Band 

ao 

Vx  *oT 


Trams It lot 

^(1) 

•*(•5-7) 

•*(.5) 

Transition 

•*(1) 

o^.J-T) 

h-h> 

; 15000 

15000 

15000 

*0  -1! 

15000 

15000 

19000 

h-h 

05000 

08005 

28025 

2i-*2 

25000 

26906 

Hg} 

hh 

55000 

11966 

15101 

32  -3, 

35000 

IH98 

15101 

vs 

15000 

65906 

61191 

S-*1 

15000 

589I9 

61191 

*0  - *-l 

8555 

8555 

8333 

2-l“  20 

8353 

8353 

8353 

51  * 50 

11585 

16078 

16278 

’0 ' 51 

11583 

15511 

16078 

00050 

06100 

26168 

VS 

00050 

23131 

06168 

’-1-  U 

8750 

7750 

7103 

5-2-  ’-1 

8750 

7505 

7103 

S - “-l 

15750 

15893 

13221 

“-l-  k0 

15750 

12987 

13001 

V k-, 

9000 

8087 

7587 

V k 2 

9000 

7616 

7587 

ae 

ao* 

*5l 

e-2'*l 

8555 

5110 

5110 

*1  ' 2-2 

8333 

6105 

9110 

’-!**» 

1*585 

5395 

5722 

’2  ' ’-I 

1H583 

93*8 

5700 

1-  - >»• 
o 5 

00050 

3691 

1363 

S'S 

20230 

9896 

1363 

5-j'  50 

8750 

7055 

7055 

’o  ' 5., 

8750 

7819 

7055 

VS 

15750 

10711 

11211 

S 'k-2 

15750 

13952 

11011 

V “-1 

9000 

7565 

7558 

k-l'  “-k 

9000 

8138 

7558 

Tab I*  IX  (soot.) 
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TranaltlM 

•*<1) 

i*(.5-7) 

»*(.5> 

Truultlon 

i^D 

■V5-7) 

«*  («5) 

°o  - 

10000 

10000 

10000 

X-1-  °o 

10000 

10000 

10000 

l-r  *-8 

15000 

16159 

1693* 

2-2*  X-1 

15000 

1693* 

1693* 

25000 

25351 

25893 

5 3 2-2 

25000 

25968 

25093 

J-3-  k-X 

35000 

35373 

35773 

*-*“  5-3 

35000 

35795 

35773 

-*0 

15000 

15000 

15000 

2o  - h 

15000 

15000 

15006 

B0  • ’-1 

16667 

20561 

22500 

5-1-  2o 

16667 

22500 

22500 

’,1-  k-s 

966^0 

27225 

29261 

^-2“  5-l 

26250 

2955* 

99961 

*0000 

10530 

18636 

*1  ^ 

20000 

19229 

18636  . 

h * ko 

10750 

2568* 

29055 

*0  " 5i 

18750 

29*31 

29053 

VS 

25000 

1903* 

20531 

k2-h 

25000 

2221* 

20331 

•0 

ao 

*01 

por 

*0  -»-l 

15000 

15000 

15000 

2-l-  xo 

15000 

15000 

15000 

*.1-  u 

25000 

25**5 

25710 

5-2-  2-l 

25000 

25710 

25710 

’-2  “-J 

35000 

35*06 

35758 

V 

35000 

35765 

35750 

2i-’o 

16667 

16667 

16667 

50  -21 

16667 

16667 

16667 

’o  - *-l 

26250 

27566 

28252 

k-l-  50 

26250 

28258 

28252 

’2-‘l 

18750 

18171 

18207 

S-52 

18750 

18*1* 

18207 
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Table  IZ  (eont.) 

be  be 

\T 


Transition 

*2(1) 

*2{.5-7) 

•*(.5) 

«2(i) 

«2(.5-7) 

«*(.3) 

1-1“  h 

15000 

15000 

15000 

h ‘ *.i 

15000 

15000 

15000 

20  -22 

25000 

22912 

21289 

25000 

21289 

21289 

5i-53 

55000 

27961 

23196 

V5! 

35000 

230*1 

23196 

s - S 

*5000 

29950 

22157 

*9000 

215*1 

22157 

2-a-  2o 

6333 

120** 

120** 

8o  “2-e 

8353 

10*22 

120** 

5-1-  *i 

1*583 

255«9 

a**i7 

5.1-  5i 

1*583 

19652 

2**17 

“0-^2 

20250 

*02*3 

36119 

*2  ' ho 

20250 

282*5 

36119 

3 3"  3-l 

8750 

11750 

10583 

5.1-  5.3 

8750 

9*71 

10583 

S>-\> 

15750 

2190* 

20622 

ko  - 

15750 

16*98 

20622 

* k _ 

-*  -2 

9000 

10655 

10617 

* - * 

9000 

9776 

105** 

bo 

ai,r 

bo 

*,1 

2-l-  21 

8333 

8333 

8333 

81  ‘ *-l 

8333 

8333 

8333 

50  ~h 

1*583 

1*583 

13160 

5g  * *0 

1*583 

13160 

13160 

k - k 
1 3 

20250 

20171 

16126 

*5  - \ 

20250 

16092 

16126 

5-2-  50 

8750 

10173 

10173 

5o  * ^-2 

8750 

9592 

10173 

^-1-  >1 

15750 

19977 

18280 

“l  ‘ *-L 

15750 

16716 

18280 

V *-l 

9000 

10515 

1058* 

k-r  S 

9000 

9839 

1058* 

T*bl« 


*• 


VrMtfltlOR 

•*(1) 

•*(.5) 

°o 

10000 

10000 

10000 

l-l-  *-l 

15000 

15000 

15000 

*-*-  ’4 

15000 

1*550 

2*086 

V k-5 

35000 

3***1 

5*083 

h * *i 

15000 

15000 

15000 

*0  ->e 

16667 

16667 

16667 

’-1-  ‘-1 

16150 

2*05* 

25550 

**  ’* 

toooo 

21295 

21583 

>1  ’ kl 

18750 

19506 

19563 

’5  -s 

15000 

29*05 

*9580 

bo 


Ri,r 


0 " *2 

5000 

6*53 

72*6 

h-h 

10000 

1*021 

16667 

l2  “ \ 

15000 

23369 

27*06 

!-l-  5i 

1667 

22*5 

2792 

>0  ' *2 

3750 

5675 

7602 

5.2-  \> 


1250  1165 


1557 


{•mat.) 
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TnoMltloa 

^(l) 

•*<.» 

*0  * °8 

10000 

10000 

1000# 

*-l-  J-1 

15000 

15000 

15000 

*4 

25000 

2*183 

2*066 

V 

35000 

3*11* 

3*003 

'l*1! 

15000 

35000 

15000 

’0  ' 2o 

16667 

16667 

16667 

‘-r 

26250 

239*1 

23550 

32  * 22 

20000 

20*1* 

21305 

kl-5l 

10750 

1918? 

19565 

S’53 

25000 

27992 

29580 

be 

pr,i 

?2  ’ *0 

5000 

7226 

7**6 

3j  - 2a 

10000 

16667 

16667 

k*  - 52 

15000 

27537 

27*06 

h - 2-l 

1667 

2792 

2792 

*2  * 50 

3750 

7602 

7602 

uo  - 5., 


1250  1705 


1537 


